1. Introduction {#sec1-polymers-10-00966}
===============

Poly(methyl methacrylate) (PMMA) is a widely used thermoplastic polymer material. It has excellent mechanical properties, high elastic modulus, good dimensional stability, acid-alkali resistance and good biological properties. However, the high friction and wear of pure PMMA restrict its use as a friction material in mechanical parts such as bearings, shaft sleeves, seals, and so on \[[@B1-polymers-10-00966],[@B2-polymers-10-00966],[@B3-polymers-10-00966]\]. Modification by filling organic, inorganic, or metallic micro/nano particles into a polymer matrix producing a new hybrid system is an effective way to improve the mechanical and tribological properties of polymers \[[@B4-polymers-10-00966],[@B5-polymers-10-00966],[@B6-polymers-10-00966],[@B7-polymers-10-00966]\]. As a result, some attempts on filling modification of PMMA based composites have been carried out \[[@B8-polymers-10-00966],[@B9-polymers-10-00966],[@B10-polymers-10-00966],[@B11-polymers-10-00966],[@B12-polymers-10-00966],[@B13-polymers-10-00966]\]. For example, filling nano-calcium oxide (CaO) \[[@B8-polymers-10-00966]\], zirconium oxide (ZrO~2~) \[[@B9-polymers-10-00966]\], silica \[[@B10-polymers-10-00966]\], and nano-calcium carbonate (CaCO~3~) \[[@B11-polymers-10-00966]\] into PMMA can obviously reduce the wear. While filling carbon nanotubes (CNTs) \[[@B12-polymers-10-00966]\], SiO~2~ + Titanium oxide (TiO~2~) \[[@B13-polymers-10-00966]\] can obviously reduce the friction. So the friction coefficient and wear rate of PMMA based composites which filled with the appropriate fillers could be reduced by the physical and chemical synergistic effect of the reinforced fillers and the PMMA matrix. However, the type, content, size, and so on of the reinforced materials have a great influence on the friction, wear, mechanical, and thermodynamic properties of polymer based composites.

As a kind of typical solid lubricant, polytetrafluoroethylene (PTFE) has the advantages on the low friction coefficient, high temperature resistance, and chemical stability. Wang et al. \[[@B14-polymers-10-00966]\] filled PTFE into polyetheretherketone (PEEK) composite and found that the friction coefficient of PTFE/PEEK was lower than the pure PEEK. Zhang et al. \[[@B15-polymers-10-00966]\] found that the friction coefficient and wear rate of poly(phthalazinone ether sulfone ketone) (PPESK) composite filled with PTFE decreased substantially compared with the neat PPESK. For the carbon fiber (CF)/PMMA composites prepared by physical extrusion, filling PTFE can further reduce friction and wear \[[@B16-polymers-10-00966]\]. The addition of PTFE in polymer matrix helped in the formation of a continuous and uniform transfer film and resulted in a reduction in the friction coefficient \[[@B17-polymers-10-00966],[@B18-polymers-10-00966]\].

Moreover, self-curing PMMA has been used extensively as orthopaedic materials \[[@B18-polymers-10-00966]\]. And it is usually used in the form of a two-component self-polymerising system, mainly consisting of a PMMA powder and an MMA liquid that are mixed at room temperature. The powder/liquid (P/L) ratio has obvious effects on the mechanical properties of PMMA based composites \[[@B19-polymers-10-00966],[@B20-polymers-10-00966],[@B21-polymers-10-00966]\]. But few literatures focus on the influence of P/L on the tribological performance of PMMA based composite. Hence, in this paper, the self-curing PMMA composites filled with PTFE were prepared and the dry tribological performances of PTFE/PMMA composites against bearing steel under different P/L ratios were investigated.

2. Experiments {#sec2-polymers-10-00966}
==============

2.1. Materials {#sec2dot1-polymers-10-00966}
--------------

A commercial acrylic product of PMMA powder was supplied by Arkema, Serquigny, France. The methyl methacrylate (MMA) (≥99.5%) monomer liquid, PTFE (5 μm) powder and Catechol (≥99.5%) were all supplied by Aladdin Reagent Co. Ltd., Shanghai, China. The dibenzoyl peroxide (BPO, ≥98%; Containing water 28--32%), *N*,*N*-dimethyl-*p*-toluidine (Dmpt, 98%) were both supplied by Sinopharm Group Chemical Reagent Co. Ltd., Shanghai, China.

2.2. Specimen Preparation {#sec2dot2-polymers-10-00966}
-------------------------

The PMMA matrix was synthesized by a two-component polymerization system, consisting of a PMMA powder mixture and an MMA liquid mixture. In the following experiments, three kinds of the P/L ratios (10/10, 11/9 and 12/8, namely 1.0, 1.22 and 1.5) were selected to study the influence of the P/L ratios on the tribological performance of PMMA based composites. The powder mixture was mainly PMMA powder including a small amount (0.8 wt %) of BPO powder. PMMA and BPO powder were kept in a desiccator for 24 h to remove moisture before used. The liquid mixture was mainly MMA with 2 wt % Dmpt and 0.003 wt % Catechol. The mass ratio of filler (PTFE) is defined as, filler/(filler + the powder mixture + the liquid mixture). The filler and the powder mixture with the corresponding mass were mixed and stirred in a mixer for 30 min. After, the powder mixture (PMMA, BPO and PTFE) was gradually mixed and stirred manually into the liquid mixture. Thus the polymerization reaction of PMMA and MMA will be initiated by the action of PBO and Dmpt. After mixing evenly and before curing, the generated PMMA polymer matrix was poured into the cylindrical rubber mold. The inner diameter of the cylindrical rubber mold is 50 mm and the height is 32 mm. Then, the mold was placed in a vacuum box (\<10 Pa) in room temperature for 4 h. The samples of PTFE/PMMA composites were demoulded and obtained.

2.3. Friction and Wear Test {#sec2dot3-polymers-10-00966}
---------------------------

Dry friction and wear properties of PTFE/PMMA composites were evaluated by a ball-on-disk tribometer (CSM Instruments, Peseux, Switzerland). A steel ball which fixed in a pin-shaped fixture was used to slide against PTFE/PMMA composite. The diameter of the ball (bearing steel, AISI E52100, hardness of HRC 60--65, Ra \< 0.02 um) was 6 mm. The diameter of PTFE/PMMA composite was 50 mm and the height was 12 mm. Before tested, the ball was cleaned for 30 min in alcohol using an ultrasonic cleaner. PTFE/PMMA composites were polished (Ra = 0.4--0.6 μm) by a polishing machine and washed with alcohol and deionized water, then ultrasonic cleaned for 30 min in deionized water. The ball was kept stationary and PTFE/PMMA composite was unidirectional rotated under a prescribed set of working conditions at an ambient temperature of 25 °C. The normal load and the sliding speed were fixed to 5 N and 0.2 m/s, respectively. The total sliding distance was 500 m. Each experiment was repeated three times.

At the end of each test, the evolution of the friction coefficient with the sliding distance was measured directly by the CSM tribometer. The wear volume was measured by a conscan confocal optical profilometer (Anton Paar Compact Platform Company, Graz, Austria). The wear performance was expressed by the specific wear rate calculated by the following equation: where *ω* is the specific wear rate in mm^3^/(Nm), Δ*V* is the volume loss in mm^3^, *F* is the applied normal load in N, *L* is the total sliding distance in m.

2.4. Characterization {#sec2dot4-polymers-10-00966}
---------------------

The worn surfaces of PTFE/PMMA composites were examined by field emission scanning electron microscopy (FESEM) (Sigma 500, Carl Zeiss, Oberkochen, Germany). In order to improve the conductivity, the surface of the FESEM sample was treated by spraying gold. Energy dispersive X-ray spectroscopy (EDS) and FESEM were used for the determination of the distribution of PTFE in the PMMA matrix. The Fourier transform infrared (FTIR) spectra (600--4000 cm^−1^) of PMMA based composites were recorded with an attenuated total reflection (ATR) unit by a FTIR Spectrometer (Equinox 55, Bruke Company, Karlsruh, Germany) at room temperature.

Differential scanning calorimetry (DSC) (Model 250, TA Instruments, New Castle, DE, American) was performed to determine the *T*~g~ under a nitrogen flow. The test procedure for determining *T*~g~ is listed as follows. Firstly, the samples were heated from room temperature to 200 °C at a heating rate of 20 °C/min and held at this temperature for 3 min to eliminate thermal history. Then, the samples was cooled to 30 °C at a rate of 20 °C/min and held at this temperature for 3 min. The samples were heated again to 200 °C at 20 °C/min, and cooled to room temperature at the same rate. The data obtained from the second scanning were accepted.

3. Results and Discussion {#sec3-polymers-10-00966}
=========================

[Figure 1](#polymers-10-00966-f001){ref-type="fig"} shows the initial surface morphology of 25 wt % PTFE filled PMMA based composite. And [Figure 2](#polymers-10-00966-f002){ref-type="fig"} shows the scanning electron microscopy (SEM) photo and the distributions of C, F, and O elements of the section of 25 wt % PTFE filled PMMA based composite by EDS. C element is mainly from PMMA matrix and PTFE. O element mainly comes from PMMA matrix. F element originates from PTFE. Au element is originated from the pretreatment of the SEM samples by spraying gold. From the distributions of F and O elements, it can be found that the distribution of PTFE is relatively uniform dispersing in the PMMA matrix.

[Figure 3](#polymers-10-00966-f003){ref-type="fig"} shows the FTIR spectra comparison of the unfilled PMMA with different P/L ratios, the PTFE/PMMA composites filled with different PTFE mass ratios (P/L = 1.5) and pure PTFE. The strong vibration bands characteristic to the unfilled PMMA appear at 1722 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}a) and to PTFE/PMMA appear at 1726 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}b) which both corresponding to the stretching of the C=O group \[[@B8-polymers-10-00966],[@B22-polymers-10-00966]\]. The bands around 1145 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}a) to the unfilled PMMA and 1147 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}b) to PTFE/PMMA correspond to vibration of the ester group C−O. The bands around 2995 cm^−1^ and 2949 cm^−1^ of both the unfilled PMMA and PTFE/PMMA correspond to the C−H stretching of methyl group (CH~3~). The bands around 1436 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}a) to the unfilled PMMA and 1441 cm^−1^ ([Figure 3](#polymers-10-00966-f003){ref-type="fig"}b) to PTFE/PMMA correspond to the C−H shear vibration of CH~3~. It is clearly observed from the spectrum of pure PTFE, the strong absorptions, peaked at 1156 cm^−1^ and 1215 cm^−1^, reflect the C−F symmetrical and asymmetrical of CF~2~ group, respectively \[[@B23-polymers-10-00966],[@B24-polymers-10-00966]\]. Comparing the FTIR spectra of PMMA (P/L = 1.5), pure PTFE and PTFE/PMMA, the absorption spectrum of PTFE/PMMA can be viewed as the superposition of the spectrum of PMMA and that of pure PTFE. And no additional band was observed. So there was no chemical reaction between PTFE and PMMA in the preparation process of PTFE/PMMA composite. PTFE should be dispersed and embedded physically in the generated PMMA matrix and the interaction actions of PTFE and PMMA matrix should mainly be the mechanical anchorage.

The glass transition temperatures of the unfilled PMMA, PTFE/PMMA composite, and pure PTFE were obtained by the second scanning after eliminating thermal history. As seen in [Figure 4](#polymers-10-00966-f004){ref-type="fig"}a, the *T*~g~ of the unfilled PMMA increases with the increasing of the P/L ratio. And the highest *T*~g~ is around 96 °C when the P/L ratio is 1.5. The smaller the P/L ratio is, the higher the proportion of the MMA monomer. Massive MMA monomers may not react sufficiently in polymerization process. So the molecular chain which generated with the smaller P/L ratio may be shorter than that of the larger P/L ratio. This may be the reason for the positive correlation between *T*~g~ and the P/L ratio. [Figure 4](#polymers-10-00966-f004){ref-type="fig"}b shows the DSC curves of PTFE/PMMA composites filled with different PTFE mass ratios (P/L = 1.5) and pure PTFE. Due to the complexity of the phase transformation of PTFE, there is still a controversy about the *T*~g~ of PTFE at present, but the second relaxation transformation of PTFE is generally thought to occur between 110--130 °C \[[@B25-polymers-10-00966],[@B26-polymers-10-00966],[@B27-polymers-10-00966]\]. As seen in [Figure 4](#polymers-10-00966-f004){ref-type="fig"}b, it can be seen that PMMA composites filled with PTFE have two glass transitions. The first transformation should be PMMA, and the second may be PTFE. When the filling mass ratio of PTFE is 25 wt %, the two glass transitions are the most obvious, which indicates that PMMA and PTFE are incompatible. Moreover, the *T*~g~ of PTFE/PMMA composites filled with different PTFE mass ratios are approximately the same (all are around 98.8 °C) which are close to that of the unfilled PMMA (96.32 °C).

The effect of the filling mass ratio of PTFE and P/L ratio on the shore hardness of PMMA based composites are reported in [Figure 5](#polymers-10-00966-f005){ref-type="fig"}. It can be seen that the shore hardness of PMMA based composite decreases generally with the increasing of PTFE filling mass ratio. This is due to the fact that the shore hardness of PTFE is lower than that of PMMA. So the increasing of PTFE filling mass ratio decreases the shore hardness of PTFE/PMMA composite. Moreover, the shore hardness of PMMA based composite increases with the increasing of the P/L ratios under the same PTFE filling mass ratio.

[Figure 6](#polymers-10-00966-f006){ref-type="fig"} shows the friction coefficient curves changing with the sliding distance of the unfilled PMMA and PTFE/PMMA composites (P/L = 1.0). On the whole, the fluctuation range of the unfilled PMMA is larger than that of PTFE/PMMA composites. And larger vibrations and noises of the unfilled PMMA were observed during the dry sliding process. However, only slight vibrations were observed of PTFE/PMMA composites. This indicates that the friction process is more stable of PMMA based composites by filling with PTFE.

[Figure 7](#polymers-10-00966-f007){ref-type="fig"} shows the friction coefficients of PMMA based composites with respect to the filling mass ratio of PTFE under different P/L ratios. It can be seen that the friction coefficients of both the unfilled and PTFE filled PMMA based composites decrease with the increasing of the P/L ratios. Compared with the unfilled PMMA, the friction coefficients of PMMA based composites could be significantly reduced nearly two-thirds by filling with PTFE under all three different P/L ratios. Comparing with some previous similar studies, the friction coefficients of PMMA filled with other fillers such as ZrO~2~ \[[@B9-polymers-10-00966]\], Silima \[[@B10-polymers-10-00966]\], CNTs \[[@B12-polymers-10-00966]\], Polyimide + hexagonal boron nitride (PI + hBN) \[[@B28-polymers-10-00966]\], and Zinc oxide (ZnO) \[[@B29-polymers-10-00966]\] are all larger than 0.25, while the friction coefficient of PMMA filled with PTFE is generally lower than 0.2. PTFE is embedded in the PMMA matrix. During the friction process, a PTFE transfer film \[[@B30-polymers-10-00966],[@B31-polymers-10-00966],[@B32-polymers-10-00966]\] with low shear strength is formed in the friction interface playing a role in antifriction and lubricating. So filling PTFE can significantly reduce the friction coefficient of PMMA based composites. In addition, with the increasing of the filling mass ratio of PTFE, the friction coefficients of PTFE/PMMA composites have little change when P/L is 1.22 and 1.5 (in the range of 0.154 ± 0.008). However, the friction coefficient increases instead when P/L is 1.0.

[Figure 8](#polymers-10-00966-f008){ref-type="fig"} shows the wear rates of PMMA based composites with respect to the filling mass ratio of PTFE under different P/L ratios. It can be seen that the wear rates of both the unfilled and PTFE filled PMMA based composites decrease with the increasing of the P/L ratios. This may be due to the fact that the shore hardness and *T*~g~ are high when the P/L ratio is high. Thus, the lower wear is obtained for the good heat resistance and anti-adhesion when the P/L ratio is 1.5. The wear rates of PTFE/PMMA composites are far less than that of the unfilled PMMA under all three different P/L ratios. In general, the wear rates of PMMA filled by PTFE are reduced by not less than one half to the unfilled PMMA. Comparing with other similar studies, the antiwear performance of PMMA filled with PTFE is better than PMMA filled with CNTs \[[@B12-polymers-10-00966]\], or PI + hBN \[[@B28-polymers-10-00966]\]. The low friction should be the reason for the low wear of PMMA based composites filled by PTFE. However, as for PTFE/PMMA composites, the wear rates increase with the increasing of the filling mass ratio of PTFE under all three different P/L ratios. That the shore hardness decreases with the increasing of the filling mass ratio of PTFE may be the main cause for this phenomenon.

SEM micrographs were performed on the worn surfaces of the unfilled and PTFE filled PMMA based composites for the analysis of the wear mechanisms. As seen in [Figure 9](#polymers-10-00966-f009){ref-type="fig"}a, the worn surface of the unfilled PMMA is uneven, with many tearing flakes and surface bulges. This corresponds to the previous observation of the unstable friction process of the unfilled PMMA. And it also indicates that the adhesive wear mainly occurs on the worn surface of the unfilled PMMA. [Figure 9](#polymers-10-00966-f009){ref-type="fig"}b,c show the worn surface of PTFE filled PMMA based composites with the lowest and highest wear rates, respectively. [Figure 9](#polymers-10-00966-f009){ref-type="fig"}d--f show the representative SEM micrographs with mild wear of PTFE filled PMMA based composites. The worn surfaces of PMMA based composites filled with PTFE are relatively smooth without obvious adhesive wear. This corresponds to the stable friction process of PTFE filled PMMA based composites. But slight scratches on the worn surface can be observed in [Figure 9](#polymers-10-00966-f009){ref-type="fig"}c--f which should be caused by the abrasive wear of the hard particles in the wear debris. In [Figure 9](#polymers-10-00966-f009){ref-type="fig"}b,f, there are some cracks on the worn surface. This indicates that the fatigue wear occurs during the wear process of PTFE filled PMMA based composites.

4. Conclusions {#sec4-polymers-10-00966}
==============

\(1\) The shore hardness of PMMA based composite generally increases with the increasing of the P/L ratio but decreases with the increasing of the filling mass ratio of PTFE. The increasing of the P/L ratio also increases the *T*~g~ of PMMA based composite but the increasing of the filling mass ratio of PTFE has little influence.

\(2\) Compared with the unfilled PMMA, the friction coefficients and wear rates of PMMA based composites against bearing steel could be significantly reduced by filling with PTFE. With the increasing of the filling mass ratio of PTFE, the wear rates of PTFE/PMMA composites increase and the friction coefficients have little change when P/L is 1.22 and 1.5, but increases instead when P/L is 1.0.

\(3\) The friction coefficients and wear rates of the unfilled and PTFE/PMMA composites generally decrease with the increasing of the P/L ratios. When the mass ratio of PTFE is 15 wt % and the P/L ratio is 1.5, PTFE/PMMA composites have a lower friction coefficient and the lowest wear rate.

\(4\) The main wear mechanism of the unfilled PMMA is adhesive wear. While the main wear mechanisms of PTFE/PMMA composites are fatigue wear and abrasive wear.
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![The initial surface morphology of 25 wt % polytetrafluoroethylene (PTFE) filled poly(methyl methacrylate) (PMMA) based composite (powder/liquid (P/L) is 1.0).](polymers-10-00966-g001){#polymers-10-00966-f001}

![The section's scanning electron microscopy (SEM) image and energy dispersive X-ray spectroscopy (EDS) mapping of the characteristic elements for 25 wt % PTFE filled PMMA based composite (P/L is 1.22): (**a**) SEM; (**b**) C element; (**c**) F element; and (**d**) O element.](polymers-10-00966-g002){#polymers-10-00966-f002}

![Fourier transform infrared (FTIR) spectra of (**a**) the unfilled PMMA synthesized by the different P/L ratios and (**b**) the PTFE/PMMA composites (P/L = 1.5) and pure PTFE.](polymers-10-00966-g003){#polymers-10-00966-f003}

![Differential scanning calorimetry (DSC) curves of (**a**) the unfilled PMMA synthesized by the different P/L ratios and (**b**) PTFE/PMMA composites (P/L = 1.5) and pure PTFE.](polymers-10-00966-g004){#polymers-10-00966-f004}

![The effect of the filling mass ratio of PTFE and P/L ratio on the shore hardness of PMMA based composites.](polymers-10-00966-g005){#polymers-10-00966-f005}

![Friction coefficient changes with sliding distance. (**a**) PMMA and 10 wt % PTFE filled PMMA and (**b**) 15 wt % and 25 wt % PTFE filled PMMA.](polymers-10-00966-g006){#polymers-10-00966-f006}

![The effect of the filling mass ratio of PTFE and P/L ratio on the friction coefficient of PMMA based composites.](polymers-10-00966-g007){#polymers-10-00966-f007}

![The effect of the filling mass ratio of PTFE and P/L ratio on the wear rate of PMMA based composite.](polymers-10-00966-g008){#polymers-10-00966-f008}

![SEM photos of the representative worn surface morphology. (**a**) PMMA, P/L = 1.5, (**b**) 15 wt % PTFE filled PMMA, P/L = 1.5, (**c**) 25 wt % PTFE filled PMMA, P/L = 1.0, (**d**) 15 wt % PTFE filled PMMA, P/L = 1.0, (**e**) 20 wt % PTFE filled PMMA, P/L = 1.22, (**f**) 25 wt % PTFE filled PMMA, P/L = 1.22.](polymers-10-00966-g009){#polymers-10-00966-f009}
